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Phosphatidylinositol 3-phosphate is generated in phagosomal
membranes
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Phagocytic cells such as neutrophils and macrophages Results and discussion
PtdIns3P distribution in cells has been visualized at theengulf and destroy invading microorganisms. After
electron microscopy level by probing cryosections of fixedinternalization, material captured within the
samples with PtdIns3P binding protein domains and alsophagosomal membrane is destroyed by a complex
by the fluorescent imaging of fixed cells transiently ex-process of coordinated delivery of digestive enzymes
pressing variously tagged PtdIns3P binding domains [6].and reactive oxygen species. Several endosomal,
In order to take advantage of live-imaging technology,lysosomal, and oxidase components expected to
we used a transfectable mouse macrophage-like cell lineparticipate in these events have recently been shown
(RAW 264.7) in which we could heterologously expressto bind PtdIns3P, suggesting that this lipid may play
GFP-coupled probes for PtdIns3P and which is known toa role in this process [1–5]. We used live, digital
efficiently phagocytose IgG-opsonized particles throughfluorescence imaging of RAW 264.7 cells stably
endogenous Fc receptors.expressing either a PtdIns3P binding GFP-PX
domain or a GFP-FYVE domain to visualize changes
RAW 264.7 cell lines were created, stably expressing twoin the levels and subcellular localization of PtdIns3P
structurally unrelated GFP-tagged PtdIns3P binding do-during phagocytic uptake of IgG-opsonized zymosan
mains; we used either an NT-GFP-tagged FYVE domainparticles. Very similar results were obtained using
from the recently discovered endosomal protein FENS-1both PtdIns3P probes. The basal distribution of each
(GFP-FYVE) or an NT-GFP-tagged PX domain of thePtdIns3P probe was partially cytosolic and partially
oxidase component p40phox (GFP-PX). Both of these do-localized to EEA-1-positive endosomal structures.
mains have been shown to bind to PtdIns3P-containingWithin about 2–3 min of zymosan attachment and
lipid surfaces with high affinity and specificity in vitro andconcomitant with the closure of the phagosomal
to localize to PtdIns3P-containing endosomal structuresmembrane, GFP-positive vesicles moved toward and
when heterologously expressed in vivo [4, 7]. Stable cellattached to a localized area of the phagosome. A
lines were generated by selecting for G418-resistantdramatic, transient accumulation of GFP probe
clones 24 hr after transfection.around the entire phagosome rapidly ensued,
accompanied by a transient drop in cytosolic GFP
PtdIns3P binding probes translocatefluorescence. The magnitude and timing of this rise in
to the phagosomal membranePtdIns3P clearly suggest that it is an ideal candidate
A GFP-FYVE-expressing RAW cell line was challengedfor controlling the early stages of phagosomal
with IgG-opsonized zymosan particles, and changes in
maturation.
GFP fluorescence were visualized by live, confocal fluo-
rescence imaging. Typical results for a cell undergoingAddresses: *Inositide Laboratory, †Fluorescence Activated Cell Sorting
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of Respiratory Medicine, Department of Medicine, University of this article online) and Figure 1a. As expected, basal GFP-Cambridge School of Clinical Medicine, Cambridge, CB2 2QQ, United
FYVE distribution was partially cytosolic and partiallyKingdom.
concentrated on endosomal structures (see later results).
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membrane. This accumulation was transient, lasting 8–10
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The pattern of PtdIns3P accumulation correlates
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The data presented in Figure 1a,b follow the changes in
GFP fluorescence with time within a single 1-mconfocal
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Figure 1
Time-lapse confocal images of the effects of
phagocytosis on the distribution of GFP-
FYVE and GFP-PX in RAW 264.7 cells. (a)
Images collected using a GFP-FYVE-
expressing RAW cell line. Opsonized zymosan
particles were added to the cells (approx 1 
106 ml1), and images (0.5 s exposure) were
captured in a single confocal plane (1 m) at
given times; phagosomal ring closure has
been defined as time zero in this and all
subsequent image figures. The images
describe the attachment and uptake of a
single particle; an arrow indicates the position
of the particle at the point of attachment
(confirmed by phase contrast; data not
shown). A full time-lapse movie sequence
displaying the successive uptake of three
particles in this single confocal plane is
available as Movie 1 in the Supplementary
material. In Movie 1, and all subsequent
movies, the time indicated is the time of
recording, not the time from closure of the
phagosome. Very similar results have been
obtained with three independent clonal cell
lines. (b) Images collected using a GFP-PX-
expressing RAW cell line. Images (0.5 s
exposure) were collected using continual
z-sectioning (15  1-m images per
z-section, see Material and methods contained
in the Supplementary material) during
particle uptake. The frames that are shown
represent the attachment and uptake of two
successive particles visualized in a single
confocal plane; the attachment of the first
particle is indicated by an arrow. A full time-
lapse movie sequence taken in a single
confocal plane is available as Movie 2, and an
example of three z-sections taken throughout
the phagocytic process, comprised of 15
successive 1-m images, is available as
Movie 3; see the Supplementary material. (c)
Single confocal plane images derived from
the indicated time frames of the GFP-PX movie
shown in (b), presented as an X,Y,Z plot with
the z axis representing the intensity of GFP
fluorescence (also color coded blue to yellow
to represent increased fluorescence). The
asymmetric rise in intensity of GFP
fluorescence around the phagosome, the
cytosolic drop in fluorescence, and the
maximal intensity achieved on the phagosome and (c) above. Arrows indicate the position of (e) Compilation of data accumulated using
relative to endosomal structures is clearly the six time frames surrounding the uptake independent GFP-PX- and GFP-FYVE-
seen with this type of analysis. (d) of the first particle and the phagosomal expressing RAW cell lines for changes in the
Quantification of changes in GFP formation shown in (c). The GFP GFP-fluorescent intensity in the phagosomal
fluorescence intensity in the cytosol and fluorescence intensity of the cytosol is given membrane (black squares) and the cytosol
discrete areas of the initial phagosome as a ratio to that measured inside the nucleus (red circles) (relative to nuclear intensity to
(proximal and distal edges) in the single GFP- (in an appropriate confocal plane; see account for bleaching) during the uptake of
PX-expressing RAW cell undergoing Materials and methods) to minimize artificial the first zymosan particle. The data represent
phagocytosis shown in (b) reductions due to photobleaching. the mean  SEM of 4–6 phagocytic events.
cell section. In order to gain more information about an entire z-section of the cell made up of 15 1–1.2-m
images could be captured in20 s (examples of z-sectionschanges in GFP fluorescence throughout the cell, we
looked at successive z-sections during particle uptake. at three different times during a phagocytic event are
shown in Movie 3). Thus, continual z-sectioning could beGFP fluorescence intensity in some of our cell lines was
sufficient to reduce image capture to 0.5 s, and, hence, performed during particle phagocytosis quickly enough,
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Figure 2 Figure 3
Time-lapse confocal images of localization of GFP-PX. GFP-PX-
Subcellular distribution of GFP-PX and endogenous EEA-1 in RAWexpressing RAW cells were treated and imaged as described in
cells. Left panels; distribution of GFP-PX in fixed RAW cells (green).Figure 1; showing (a) possible vesicle fusion with the phagosome
Middle panels; distribution of endogenous EEA-1 in the same field asand (b) tubulation of GFP-positive structures. These phenomena
fixed RAW cells (red). Right panels; merged images between GFP-can be viewed within the perspective of single confocal plane movies
PX and EEA-1. The figures illustrate (a) distributions in control RAWdescribing the complete phagocytic process in the cells from which
cells and in a (b) magnified phagosome following particle uptake.they were taken (see Movies 4 and 5 in the Supplementary material).
attachment, a large, rapid increase in GFP probe accumu-relative to the observed movement of GFP-positive endo-
lation spreading from the proximal face of the phagosomesomal and phagosomal structures, that changes in their
right around the entire structure was observed (Figuretotal cellular content could be accounted for with some
1b,c). This increase in intensity of GFP probe accumula-confidence. This analysis allows us to make more detailed
tion around the phagosome is greater than that seen fordescriptions of the events surrounding the clear accumula-
individual endosome structures in the cell (Figure 1c) andtion of theGFPprobes around the internalized phagosome.
is accompanied by a significant drop in the cytosolic GFP
probe (Figure 1c,d,e), suggesting that it reflects increasedUpon phagosome closure, GFP-positive endocytic struc-
synthesis or availability of PtdIns3P in the phagosome,tures distributed throughout the cell migrate to the proxi-
resulting in direct translocation of the GFP probe frommal edge of the emerging phagosome (this can be seen
the cytosol to the phagosomal membrane. This interpreta-in one confocal plane in Figure 1b,c). This is accompanied
tion is consistent with the reduction in GFP-positive vesi-by clear examples of attachment of some of the GFP-
cle fusion events with the phagosome that is observedpositive vesicles to localized areas of the phagosome (an
during this phase (data not shown). Further, we haveexample is shown in Figure 2a and Movie 4). At this level
noted that GFP-positive vesicle contacts at this and laterof magnification, it is difficult to assess whether those
stages tended to be transient; attachment was quicklyvesicles strictly fuse into the phagosomal membrane or
followed by the detachment of vesicles of similar size andremain attached as discrete structures, but there does
fluorescence intensity (data not shown). These observa-appear to be some spreading of GFP probe fluorescence
tions are consistent with the “kiss and run” contacts pre-into the area of the phagosomal membrane (arrows in
viously postulated to occur between endosomes and ma-Figure 2a), suggesting that fusion does indeed take place.
turing phagosomes [8].We also noted changes in the morphology of some of the
GFP-positive structures, often rapidly tubulating from the
proximal region of the phagosome where the vesicles had We sought confirmation that the GFP-positive tubular-
vesicular structures in GFP-FYVE- and GFP-PX-express-accumulated (an example is shown in Figure 2b and
Movie 5). Following phagosomal closure and vesicular ing RAW cells were early endosomes by looking at their
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Table 1
Levels of [32P]phosphoinositides in RAW 264.7 cells in the absence or presence of opsonized particles.
Ptdlns3P Ptdlns4P PtdIns(3,4)P2 Ptdlns(4,5)P2 Ptdlns(3,4,5)P3
5 min C 25,655  1,914 233,375  3,681 12,785  3,234 927,115  38,110 1,221  188
P 33,235  2,376* 263,716  5,809 18,086  1,030 893,078  22,376 1,702  42
20 min C 26,021  1,900 237,335  6,823 18,658  2,106 906,720  23,912 859  149
P 33,980  2,946* 270,725  5,780 20,863  2,901 771,149  74,627 1,086  225
RAW 264.7 cells were labeled with 32P-labeled Pi for 75 min, Materials and methods. The data presented are the average  SEM,
then challenged with opsonized zymozan particles for 5 or 20 n  3 for each condition. An asterisk indicates that p  0.03
min prior to (particles; P) or subsequent to (control; C) termination and 0.04 at 5 and 20 min, respectively, individually compared to
by CHCI3 MeOH. 32P-labeled phosphoinositides were extracted, control. p  0.0005 for combined time points (Student’s two-
deacylated, and quantitated by HPLC as described in the tailed t test).
colocalization with the early endosome marker EEA-1 in Attachment of IgG-coated particles and their engulfment
and phagocytosis by macrophage-like cells is mediatedfixed cells. The data in Figure 3a show very extensive
overlap between theGFP- andEEA-1-positive structures. via Fc receptors [9]. Cross-linking of these receptors by
the IgG stimulates a complex series of events that involvesFurther, we could confirm the attachment and the possi-
ble fusion of EEA-1-positive vesicles with the phagosome coordinated interactions between the plasma membrane
(lamellipodia extension) and the cytoskeleton on a large(Figure 3b), but it was noticeable that delivery of EEA-1
onto the phagosome was spatially restricted, and we saw scale [10], eventually leading to particle internalization.
There is convincing evidence that Fc-dependent activa-no evidence of homogeneous, large-scale EEA-1 accumu-
lation around its limiting membrane. Endogenous EEA-1 tion of class I PI3 kinases is required for the processes
leading to phagosome closure [11]. It seems likely thatdistribution is very largely confined to particulate struc-
tures with little or no detectable cytosolic presence, and these PI3 kinases generate localized accumulations of
PtdIns(3,4,5)P3 around the emerging phagocytic cup [12]it is known to be governed by targeting forces in addition
to PtdIns3P binding to its FYVE domain (e.g., binding and control some of the cytoskeletal reorganization re-
quired to internalize the particle, possibly via the regula-to rab5), and thus it is likely that the EEA-1 distribution
will not be dominated by the rapid production of PtdIns3P tion of small GTPases of the Rho and Arf families [13].
The striking results presented here are that heterolo-in structures other than those in which it currently resides.
These results serve to confirm, however, the different gously expressed PtdIns3P binding domains show a dra-
matic accumulation on the phagosomal membrane subse-phases of PtdIns3P generation on phagosomes observed
with both GFP-FYVE and the GFP-PX probes. quent to phagosomal closure. These effects are seen using
two structurally unrelated PtdIns3P binding probes and
thus strongly suggest that PtdIns3P levels are elevatedPtdIns3P is synthesized upon closure of the phagosome
The above analysis strongly suggests that PtdIns3P is around the internalized phagosome. The quantitatively
major phase of PtdIns3P binding domain accumulation issynthesized upon phagosomal closure. To confirm this,
RAW cells were labeled with 32P-labeled Pi, and popula- derived from the reservoir of this protein in the cytosol
rather than that present on surrounding endosomes, sug-tions were challenged with opsonized zymosan particles
for 5 or 20 min, and then their 32P-labeled phosphoinosi- gesting that net synthesis of PtdIns3P occurs. This is
confirmed by our observations with 32P-labeled popula-tides were quantified after extraction and separation of
their deacylated derivatives by HPLC (Table 1). It is tions of RAW cells, indicating that total cellular 32P-
labeled PtdIns3P levels are significantly elevated afterdifficult to orchestrate synchronized particle uptake with
a protocol that does not compromise measurements of the addition of IgG-opsonized zymosan particles. Taken
together, these observations strongly suggest that PtdIns3P32P-labeled lipid levels or specific activities: we adopted
a simple protocol whereby cells with phosphoinositides is rapidly synthesized on phagosomal membranes.
labeled to pseudo state with 32P were allowed to progres-
sively phagocytose particles at a ratio of 20 particles/ Based on current knowledge, there are three independent
possibilities for how this rise in phagosomal PtdIns3P iscell. Examination of parallel incubations of fixed cell pop-
ulations indicated progressive uptake of particles between generated. Firstly, it is possible that PtdIns3P is derived
from the sequential breakdown of PtdIns(3,4,5)P3 and1 and 30 min to an average of 3–4 particles per cell. Under
these conditions, zymosan stimulated a significant rise of PtdIns(3,4)P2 by the action of 5- and 4-phosphatases, re-
spectively; some evidence in favor of this model is thatabout 30% in 32P-labeled PtdIns3P levels, a much smaller
but significant rise in 32P-labeled PtdIns4P levels, a drop PtdIns(3,4,5)P3 has been shown to accumulate around
IgG-opsonized particles in RAW cells immediately priorin 32P-labeled PtdIns(4,5)P2 levels, and, at the earlier
times, an increase in 32P-labeled PtdIns(3,4,5)P3 levels to and just after phagosomal closure (see above) and,
further, that an established PtdIns(3,4,5)P3 5-phospha-(Table 1).
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CD, et al.: FENS-1 and DFCP1 are FYVE-domain containingtase (SHIP) translocates to and remains associated with
proteins with distinct functions in the endosomal and Golgi
emerging phagosomes [12, 14]. The other two possibilities compartments. J Cell Sci, in press.
8. Duclos S, Diez R, Garin J, Papadopoulou B, Descoteaux A, Stenmarkare that PtdIns-selective PI3 kinases of the class II or
H, et al.: Rab5 regulates the kiss and run fusion betweenclass III families are activated on phagosomal membranes. phagosomes and endosomes and the acquisition of
Little is known about the regulation of class II PI3 kinases, phagosome leishmanicidal properties in RAW 264.7
macrophages. J Cell Sci 2000, 113:3531-3541.but there is some evidence that they can come under cell-
9. Dae¨ron M: Fc receptor biology. Annu Rev Immunol 1997, 15:203-
surface receptor control [15, 16]. Class III PI3 kinases 234.
10. Kwiatkowska K, Sobota A: Signalling pathways in phagocytosis.are known to be responsible for total cellular PtdIns3P
BioEssays 1999, 21:422-431.synthesis in Saccharomyces cerevisiae [17], and it is assumed 11. Cox D, Tseng C-C, Bjekic G, Greenberg S: A requirement for
that they are responsible for maintaining high PtdIns3P phosphatidylinositol 3-kinase in pseudopod extension. J
Biol Chem 1999, 274:1240-1247.levels in the endosomes of mammalian cells, but with
12. Marshall JG, Booth JW, Stambolic V, Mak T, Balla T, Schreiber AD,little hard evidence. In this regard, it is possible that et al.: Restricted accumulation of phosphatidylinositol 3-kinase
products in a plasmalemmal subdomain during Fc receptor-our observations of endosome docking and fusion to the
mediated phagocytosis. J Cell Biol 2001, 153:1369-1380.phagosome prior to the large global increases in phagoso-
13. Patel JC, Hall A, Caron E: Rho GTPases and macrophage
mal PtdIns3P levels represent a delivery mechanism for phagocytosis.Methods Enzymol 2000, 325:462-473.
14. Cox D, Dale BM, Kashiwada M, Helgason CD, Greenberg S: Aactive class III PI3 kinase. Clearly, further work that
regulatory role for Src homology 2 domain-containing inositolallows us to understand the route by which PtdIns3P is 5-phosphatase (SHIP) in phagocytosis mediated by Fc
generated may bring with it the means to manipulate it receptors and complement receptor 3 (M2; CD11b/CD18).
J Exp Med 2001, 193:61-71.and hence ask questions about its functions. Both the
15. Turner SJ, Domin J, Waterfield MD, Ward SG, Westwick J: The CC
magnitude and spatiotemporal organization of this rise in chemokine monocyte chemotactic peptide-1 activates both
the class I p85/p110 phosphatidylinositol 3-kinase and thephagosomal PtdIns3P suggest that it plays a role in the
class II PI3K-C2. J Biol Chem 1998, 273:25987-25995.localization of proteins involved in phagosomematuration 16. Brown RA, Shepherd PR: Growth factor regulation of the novel
[18, 19]. There is a rapidly growing number of proteins class II phosphoinositide 3-kinases. Biochem Soc Trans
2001, 29:535-537.that possess PtdIns3P binding FYVE domains (e.g.,
17. Schu PV, Takegawa K, Fry MJ, Stack JH, Waterfield MD, Emr SD:
EEA-1, Hrs-1 [20]) or PX domains (e.g., p40phox [4], Vam Phosphatidylinositol 3-kinase encoded by yeast VPS34
gene essential for protein sorting. Science 1993, 260:88-91.7p [1], sorting nexin 3 [2]), which have established roles
18. Desjardins M, Huber LA, Parton RG, Griffiths G: Biogenesis ofin endosome fusion, protein sorting, oxidase assembly, phagolysosomes proceeds through a sequential series of
and lysosomal delivery and hence would be good candi- interactions with the endocytic apparatus. J Cell Biol 1994,
124:677-688.dates to be regulated by this signal.
19. Bero´n W, Alvarez-Dominguez C, Mayorga L, Stahl PD: Membrane
trafficking along the phagocytic pathway. Trends Cell Biol
Supplementary material 1995, 5:100-104.
20. Stenmark H, Aasland R: FYVE-finger proteins – effectors of anSupplementary material including all confocal movies and details of the
inositol lipid. J Cell Sci 1999, 112:4175-4183.Materials and methods are available at http://images.cellpress.com/
supmat/supmatin.htm.
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